Introduction 22
The integrity of genetic information passed through generations relies on faithful segregation of 23 chromosomes during mitosis. The kinetochore, a mega-Dalton protein assembly, enables this 24 segregation by specifically associating with both the centromere (CEN) of sister chromatids and 25 the microtubules of the mitotic spindle. Most eukaryotes have regional centromeres with 26 unique satellite repeat structures that vary in length but whose arrangement is largely 27 conserved between chromosomes despite being unconserved in sequence. Regional 28 centromeres are specified epigenetically, by the presence of an essential centromeric histone 29 H3 variant, CENP-A, which is found at CEN DNA, where it is interspersed with canonical 30 nucleosomes (Verdaasdonk and Bloom, 2011) . 31 domains bind a pseudo TGT/CCG palindrome in CDEIII (Espelin et al., 1997) . Ndc10 contributes 48 both non-specific DNA-binding (Cho and Harrison, 2011; Espelin et al., 1997) and association 49 with the centromeric histone chaperone, Scm3/HJURP (Camahort et al., 2007) . The Skp1-Ctf13 50 heterodimer interacts with both Cep3 and Ndc10 and interacts with CDEIII at a completely 51 conserved G centrally positioned between the binding sites for the binuclear zinc-cluster 52 domains (Espelin et al., 1997) . 53
The molecular mechanism of CBF3 association with CDEIII is unknown, despite a wealth of 54 genetic and biochemical data and crystal structures of domains from individual components 55 (Bellizzi et al., 2007; Cho and Harrison, 2011; Perriches and Singleton, 2012; Purvis and 56 Singleton, 2007) , due to an absence of atomic-resolution structural information for the CBF3 57 complex as a whole. 58
Herein we present the cryo-EM structure of the CBF3 core complex (CBF3CCDN) at atomic 59 resolution. The complex forms a deep channel that is both highly charged and strongly 60 conserved, and is perfectly sized to accommodate DNA. The structure identifies structural 61 elements from Ctf13 that contribute to DNA association and our in vitro experiments confirm 62 this role and show that this association is sequence independent. The data allow us to present a 63 model, which accounts for previously published cross-linking experiments and provides a high 64 resolution view of the CBF3CCDN-CDEIII structure. Figure 1A ). Full length Cep3 rendered CBF3CC unstable, but the complex with an N-terminally 74 truncated Cep3, in which the binuclear zinc cluster domains were missing, yielded a 220 kDa 75 complex (CBF3CCDN) that was purified to homogeneity ( Figure S1A ) and was suitable for cryo-76 EM studies ( Figure S1B ). 2D-classification of motion-corrected cryo-EM images generated 77 classes with clear secondary structural details (Figure S1C) that enabled de novo reconstruction 78 of a 3D map. After refinement, the final 3.7 Å map comprised 187606 particles with good 79 angular distribution ( Figure S1D ), judged using the FSC gold standard method ( Figure S1E ). The 80 final map has a horseshoe shape with a deep central channel ( Figure 1B) . 81
Atomic Model of CBF3CCDN 82
Secondary structure details and side chains were clearly visible throughout the map (Figures 1C-83 F) enabling an atomic model of the structure to be built and refined (Figures 2A-D, S1F). The 84
Cep3 homodimer was readily recognised, facilitated by its largely helical structure and the 85 identification of an approximately two-fold axis, that could also be seen in the 2D classes 86 ( Figure S1C ). The 2.5 Å crystal structure of the Cep3 homodimer (Purvis and Singleton, 2007) 87 was fit in the map as a rigid body and this structure is essentially unchanged after refinement 88 with a final Ca RSMD of 1.1 Å. Of the remaining density, the most striking secondary structural 89 feature is an 8-stranded parallel beta sheet. This is part of a larger solenoid structure, 90 corresponding to the predicted LRR fold of Ctf13, and comprises 8 LRR motifs ( Figure S2A ). The 91 LRR domain is decorated at each end by additional domains (Figures 2B, S2A ). 92
Into one of these, the N-terminal BTB/POZ domain of yeast Skp1 (Orlicky et al., 2003 ) could be 93 fit as a rigid body. The map included density for an acidic loop that is rarely visible in Skp1 94 crystal structures ( Figure 1F ). In typical Skp1-Fbox interactions, the ~30 residues after the 95 BTB/POZ domain form 2 C-terminal helices (a7 & a8) that wrap closely around the F-box of the 96 partner protein, forming a compact structural domain that is conserved in all published Skp1-97
Fbox structures to date. However, this canonical Skp1-Fbox structure does not fit in the 98 Ctf13 and Cep3 line the channel with basic residues that are strongly conserved between 127
Saccharomycetaceae (Figures 2E-G). In Ctf13 a series of arginine and lysine residues extend like 128
fingers from the inter LRR turns of LRRs 1-6 into this groove ( Figure S2E ). LRR3 projects two 129 neighbouring arginines, Arg307 and Arg308, and the latter is positioned directly along the 130 twofold axis of (Cep3DN) 2 , at the midpoint between the truncated (Cep3DN) 2 N-termini ( Figure  131 3A). Additional conserved basic residues from Cep3DN extend towards the channel from each 132 Cep3 protomer, including Lys265, Arg273 and Lys364. 133
The charge and conservation within the channel as a whole, and the striking relative orientation 134 of the arginine residues from neighbouring LRRs in Ctf13, suggested that the channel may 135 provide the binding site for CEN DNA, with these residues potentially contributing direct 136 interactions with CDEIII. In order to test this model, we carried out electrophoretic mobility 137 shift assays. Ndc10, has also been shown to contribute affinity not but specificity to the CDEIII association 150 (Cho and Harrison, 2011) . 151
We atested the contribution of the highly conserved Arg307, Arg308 and Arg330 from Ctf13 to 152 this interaction. The triple mutation to alanine reduces association of CBF3CCDN with DNA, 153 consistent with a model in which these residues contribute affinity to DNA-binding ( Figure 3C ). 154
Discussion 155
Model for CBF3CC association with CDEIII 156
Our results support a model in which CDEIII DNA binds in the deep channel of the CBF3 core Ctf13 aligns with the conserved 3' end of CDEIII, the CCG half-site is placed at the narrow point 165 of the channel ( Figure S4A ). There is strong sequence conservation between Cep3 and the 166 binuclear zinc cluster domains of fungal transcription factors with known structure, including 167 between residues that contribute to half-site recognition ( Figure S4D 
Cryo-Electron microscopy 276
The sample (0.12 mg/ml for first dataset of CBF3CCDN complex, 0.24 mg/ml for second dataset 277 of CBF3CCDN complex) was applied to glow-discharged Quantifoil 1.2/1.3 300 mesh grids (Agar 278 Scientific). Cryo-EM data was acquired on a FEI Titan Krios at 300 keV, equipped with a K2 279 Summit direct detector and a GIF Quantum energy filter (Gatan). Data collection was 280 automatically carried out using EPU software (FEI) to record 1236 movies with a defocus range 281 of -1.6 µm to -3.6 µm for the first CBF3CCDN dataset and 1101 movies with a defocus range of -282 1.0 µm to -4.0 µm at a magnification of 47170 (1.06 Å pixel -1 ) for the second CBF3CCDN 283 dataset. The total exposure time of 10 s fractionated into 25 frames, a total dose of 46 e -Å -2 284 per movie for first dataset and the total exposure time of 15 s fractionated into 40 frames, a 285 total dose of 60.9 e -Å -2 per movie for second dataset. Movies were aligned using MotionCor2 286 (Zheng et al., 2017) . 287 Image processing and model building 288 CTF parameters were estimated using CTFFIND4 (Rohou and Grigorieff, 2015) and CTF 289 correction and following image processing were performed using RELION 2.0 (Kimanius et al., 290 2016) , unless otherwise noted. Resolution is reported using the gold-standard Fourier shell 291 correlation (FSC) (0.143 criterion) as described (Rosenthal and Henderson, 2003; Scheres and 292 Chen, 2012) and temperature factors were determined and applied automatically in RELION 293 2.0. A subset of the initial dataset was picked using an automatically generated Gaussian 294 reference by Gautomatch (Urnavicius et al., 2015) , extracted using a 200 2 pixel box and then 295 subjected to reference-free 2D classification. Some of resulted 2D class averages from different 296 views were selected to be low-pass filtered to 25 Å and used as references for further 297 automatic particle picking of the initial dataset. The automatically picked particles were 298 screened manually followed by reference-free 2D classification, which yields 69,392 particles 299 for subsequent processing. An ovoid generated from SPIDER (Shaikh et al., 2008) was used as 300 an initial model for 3D classification. The best 3D class was used to perform a 3D auto-301 refinement against all the good particles, resulting a 4.9 Å map. After substitution of the 302 particles contributing to this map by re-extraction from dose-weighted images calculated by 303
MotionCor2, a further 3D auto-refinement provided a reconstruction at 4.7 Å overall 304 resolution. 212,724 particles from the second data set were picked from dose-weighted images 305 and selected for further processing after reference-free 2D classification. After joining the two 306 dataset, 282,116 particles were input to 3D classification using an initial 3D reference obtained 307 by low pass-filtering (50 Å) the reconstruction of 4.7 Å map. Two different conformations of 308 complex were obtained after 3D classification, with 187, 606 particles in an "open" 309 conformation and 94, 510 particles in a "closed" conformation. 3D auto-refinement of the 3D 310 classes against the corresponding particles resulted in reconstructions of 4.1 Å map for the 311 "open" conformation and 4.5 Å map for the "closed" confirmation, respectively. The maps 312 from refinement were post-processed by RELION and sharpened by a negative B-factor using an 313 automated procedure resulting in a 3.7 Å reconstruction for the "open" confirmation and 4.1 314 Å reconstruction for the "closed" conformation. Local resolution was estimated using RELION. 315
Cep3 (Purvis and Singleton, 2007) and the BTB/POZ domain of Skp1 (Orlicky et al., 2003) were 316 placed in the map using Chimera. Ctf13 was built de novo using Coot (Emsley et al., 2010) in an 317 early 4 Å map, utilizing secondary structure predictions from both Psipred (Jones, 1999) and 318
Phyre2 (Mezulis et al., 2015) , sequence conservation between common ascomycetes and with 319 reference to structural preferences for leucine rich repeat domains (Bella et al., 2008) . 320
Sequence alignments were generated using ClustalW (Larkin et al., 2007) and annotated using 321
ESPript (Gouet et al., 2003) . A single round of Real Space Refinement in Phenix was used to 322 refine geometry (Afonine et al., 2012) . Tracing of the main chain was assisted using a 6 Å-323 filtered map. This model was then rigid body fit into the final map at 3.7 Å followed by a final 324 polish in Coot and refinement with a single iteration of Phenix using the Real Space Refinement 325 protocol. Secondary structure restraints were initially generated using the Cep3 and Skp1 326 crystal structures and, for Ctf13, from within Phenix, with manual editing where deviations 327 from the crystal structures was evident. In order to validate the model an FSCfree and FSCwork 328 were calculated. Using Phenix, the atomic coordinates of the final model were randomly shifted 329 by 0.5 Å and subsequently real space refined against one unmasked half map (the 'working' 330 map). The resulting model was converted to a map and an FSC calculated between it and both 331 the working map (FSCwork) and the free half map (FSCfree). 332
Gel electrophoretic mobility shift binding assays (EMSA) 333
Protein-DNA interactions were evaluated by EMSA. 24 pmol doubly labeled 33 bp CDEIII dsDNA 334 (AATATTAGTGTATTTGATTTCCGAAAGTTAAA) were mixed with different amounts of protein 335 with the indicated ratio of DNA: protein in the reaction buffer (25 mM Hepes, pH8.0, 200 mM 336 KCl, 2 mM DTT, 10% glycerol, 0.02% NP-40, 10 mM MgCl 2 , 10 μM ZnCl 2 ). For competition 337 EMSA, the unlabeled competitor DNAs were 50 times more concentrated than the labeled DNA. 338
The mixtures were incubated at room temperature for 45 minutes and resolved on a 3%-12% 339 
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